Each of these receptor-activated Smads is phosphorylated in response to signaling, leading to assembly of complexes with Smad4 and translocation to the nucleus, where association with cofactors results in regulation of target genes (6) (7) (8) (9) .
Signaling by the Drosophila TGFβ family member Decapentaplegic (Dpp) plays an important role in patterning of the dorsal-ventral axis, visceral mesoderm, endoderm, wing, leg and eye (10) (11) (12) (13) (14) (15) (16) ). An important feature of Dpp signaling is its ability to trigger the activation of target genes at different thresholds, allowing cells to interpret position along a Dpp gradient (12;17) . The best understood example of this is the primoridia of the wing, where spalt (sal), optomotor blind (omb) and vestigial (vg) are expressed in progressively wider patterns in response to a postulated gradient of extracellular Dpp protein (18) (19) (20) (21) (22) .
This graded Dpp activity emanates from a stripe of Dpp-expressing cells that bisects the wing imaginal disc (23) . Dpp signaling triggers phosphorylation of the founding member of the Smad family, Mothers Against Dpp (Mad) (24) (25) (26) (27) .
Activated Mad associates with the Smad4 homolog, Medea (28) (29) (30) (31) , and directly regulates target genes such as vg, Ubx and tinman (tin) (32) (33) (34) Effector plasmids for activated Tkv, Brk, Smad3, Smad4, activated ActR1B, Su(H) and activated Notch were based on the actin5C promoter vector pPacPL. Effector plasmids for Mad and Med were a gift from R. Padgett (27) and were based on the metallothionine promoter vector pMK33. pPac-Brk was generated by cloning a 3.4 kb Brk cDNA (gift from C. Rushlow) between the BamH1 and Not1 sites of pPacPL. In addition to the Brk coding region, the resulting plasmid contains ~500 bp of 5' untranslated region (UTR) and ~800 bp of 3' UTR. The pPacSu(H) and pPacN act plasmids were a gift from T. Wittkopp and S. Carroll.
To create an MBP-Brk fusion protein, PCR was used to position an EcoR1 site 3 bp upstream of the Brk initiator ATG. The resulting clone was used to create MBP-Brk by insertion between the EcoR1 and Hind3 sites of pMAL2C.
MBP-BrkHD was generated by deleting sequences between a Pst1 site 517 bp downstream from the Brk ATG, and a Hind3 site at the 3' end of the cDNA.
Transfections and Reporter Assays
Transfections of Drosophila S2 cells were carried out as described previously (36) . A chemiluminescent β-galactosidase assay was performed on cell extracts using the GalactoStar assay system (Tropix, Inc.) according to 
Purification of Fusion Proteins and Band Shift Assays
MBP-Brk fusion proteins were expressed, affinity-purified using amyloseagarose, and used in band shift assays as previously described (36) 
RESULTS

Brinker Represses Dpp Response Elements
Dpp activates expression of vg in cells of the Drosophila wing imaginal disc through the quadrant enhancer, which is located within vg's fourth intron (22) . 
Brinker Binds to Dpp Response Elements
Two bacterially-produced Brk fusion proteins were generated and tested by means of the band-shift assay for the ability to bind to DNA of the Ubx Dpp response element. MBP-Brk was a fusion of full-length Brk to the C-terminus of by guest on November 17, 2017 http://www.jbc.org/ Downloaded from maltose binding protein, while MBP-BrkHD contained an amino-terminal fragment harboring a putative homeodomain (Fig. 1B ). Both were prepared from bacterial lysates by affinity purification with amylose beads. Despite the inclusion of a protease inhibitor cocktail during purification, fractionation on an SDS polyacrylamide gel showed that the major protein in both preparations was a ~52
Kd degradation product, with only minor amounts of the larger apparent primary products (data not shown). This 52 Kd size suggests that both fusion proteins were susceptible to cleavage just C-terminal to the putative homeodomain.
Consistent with this interpretation, both preparations bound to the Ubx DNA probe ( Fig. 1C ; probe sequence given in Fig. 2A (Fig. 1D) . A 50% reduction in binding of probe was observed with a ~10-fold excess of Ubx competitor, or a ~300-fold excess of vg competitor. Thus, as determined by either method, the low affinity of Brk for the vg probe relative to the Ubx probe correlates with the lower relative sensitivity of the vg MD2 element to repression by Brk in the transfected cell reporter assay.
In contrast, a Mad fusion protein, MBP-MadNL (MH1 domain + linker), bound the Ubx and vg probes with approximately equal affinities (Fig. 1C, right panel) .
Together, these results suggest that differences in the Dpp response thresholds of Ubx and vg may be primarily a function of differential affinity for Brk rather than for Mad.
The Ubx element contains overlapping binding sites for Mad and Brinker
Binding of MBP-Brk to the Ubx and vg probes generated multiple bands, possibly indicating that Brk bound to more than one site. The Ubx element contains an inverted repeat of GGCGCT (solid arrows, Fig. 2A ) that overlaps a previously identified Mad binding site (boxed). While the Mad site embedded in this repeat resembles the vg Mad site, the repeat as a whole is only matched at 7 of 12 positions in vg. We tested MBP-Brk for the ability to bind one copy of this sequence in a DNA probe that was otherwise divergent in sequence from the Ubx element ( Fig. 2A, left panel) . MBP-Brk bound to the "GGCGCT" probe with affinity that was similar to its affinity for the Ubx probe ( Fig. 2A, right panel) and yielded a single major shifted band at about the same position as the lower-most band observed with the Ubx probe. Although two weak upper bands were also observed with the GGCGCT probe, overall, these results are consistent with high affinity interaction of MBP-Brk with just one site in the GGCGCT probe.
To investigate the specificity of Brk for the GGCGCT sequence, the effects of single base pair substitutions were determined. This was done measuring the ability of unlabeled "wildtype" (GGCGCT) and mutant DNAs to compete with the labeled GGCGCT probe. (Fig. 3) . In contrast, the same amount of MBP-Brk did not reduce binding of MBP-Mad to the M7 probe (Fig. 3) , evidence that MBP-Brk reduced the level of MBP-Mad binding by competition rather than by sequence-independent inhibition.
Repression by Brinker is Disrupted by Mutation of its Binding Sites
To determine whether the Brk binding sites identified using the band shift assay are actually required for repression, the Ubx element was mutated to disrupt Brk binding. Each of three GGCGC/T sequences was changed to GTCG, or to GGCGA (Fig. 4A, top) , both of which dramatically reduce Brk binding but still allow Mad to bind (Fig. 4A, bottom panels) . The overlap of Brk sites may explain why the Mad binding site consensus differs from the consensus identified for Smad3 and Smad4 (Fig. 6) . The Mad consensus aligns perfectly with an inverted pair of GGCGCT Brk binding sites, as they occur in the Ubx element (Fig. 6) . It is also apparent that the Mad consensus can be modeled as a pair of degenerate Smad boxes that align with a pair of Smad boxes arranged as AGAC GTCT, an orientation that is inverted in 
Brinker is Capable of Active Repression
